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The o b j e c t  of t h i s  r e s e a r c h  is t o  d e t e r m i n e  t h e  mechanism of d e p o s i t  format ion  
i n  hydrocarbon f u e l s ,  and t h u s  t o  p r e d i c t  and  t o  p r e v e n t  d e p o s i t  f o r m a t i o n  (1) .  
d e p o s i t s  c a u s e  c l o g g i n g  of f i l t e r s  and h o t  f u e l  l i n e s .  
d e p o s i t s , i n s o l u b l e  i n  hydrocarbons ,  a r i s e  f rom f u r t h e r  c o n d e n s a t i o n  of s o l u b l e  d e p o s i t  
p r e c u r s o r s  ( 2 ) .  
p r o d u c t s  of t h e s e ,  formed i n  s t e p w i s e  r e a c t i o n s .  When t h e i r  m o l e c u l a r  w e i g h t s  and 
oxygen c o n t e n t s  become h i g h  enough,  t h e y  p r e c i p i t a t e  from s o l u t i o n  (3) e i t h e r  on long 
s t o r a g e  o r  q u i c k  h e a t i n g .  what o x i d a t i o n  p r o d u c t s  a r e  most  l i k e l y ,  
t o  condense;  i s  t h e  c o n d e n s a t i o n  a r a d i c a l  o r  n o n r a d i c a l  r e a c t i o n ,  o r  b o t h ;  what f u e l s  
o r  f u e l  components a r e  most l i k e l y  t o  form p r e c u r s o r s ;  and how can  t h e  r e a c t i o n s  be  
prevented?  

The 
Our premise  is t h a t  such  

The p r e c u r s o r s  are t h e  o x i d a t i o n  p r o d u c t s  of t h e  f u e l s  and condensa t ion  

The problems are: 

T h i s  p a p e r  d e s c r i b e s  ou r  p r o g r e s s  i n  a p p l y i n g  f i e l d  i o n i z a t i o n  mass spec t romet ry  
(FIMS) t o  t h e s e  problems.  W e  s t a r t e d  w i t h  a 110. 2 home h e a t i n g  o i l  (Fue l  C) t o  r e p r e s e n t  
an u n s t a b l e  j e t  t u r b i n e  f u e l ,  t h e n  used  n-dodecane as a s i m p l e  and common f u e l  
component. 

EXPERIMENTAL 

A s  r e c e i v e d ,  Fue l  C w a s  brown and c o n t a i n e d  s o  much material of h i g h  molecular  
weight  and low s o l u b i l i t y  t h a t  i t  could  n o t  be used t o  f o l l o w  t h e  development  o f  addi -  
t i o n a l  f u e l  p r e c u r s o r s .  It was t h e r e f o r e  d i s t i l l e d  a t  2.3 kPa (17  t o r r )  i n  a C l a i s e n  
f l a s k  w i t h  a Vigreux  neck.  A l i q u o t s  of t h e  d i s t i l l a t e  (10 mL) were o x i d i z e d  by shaking  
them w i t h  a i r  i n  100-mL f l a s k s  i n  a b a t h  a t  130°C. Gas samples  of 70 UL w e r e  withdrawn 
through a septum and ana lyzed  f o r  Oz/N2 by g a s  chromatography on a 183 x 0.32-cm 
s t a i n l e s s  s t e e l  column a t  O°C and 30 ml/min H e  f low rate. 
13X molecular  s i e v e .  

The column w a s  packed w i t h  

Pure 99% n-dodecane was o b t a i n e d  from P h i l l i p s  Chemical Company and d i s t i l l e d  a t  
2.3 kPa. The f i r s t  and l a s t  t e n t h s  were  r e j e c t e d .  

Two mass s p e c t r o m e t e r s  were used:  In one ,  t h e  whole 5-VL f u e l  sample w a s  i n j e c t e d  
through 
The sample v a p o r i z e s  immedia te ly  and e n t e r s  t h e  f i e l d  i o n i z a t i o n  s o u r c e  through a g l a s s  
l e a k .  
and g i v e s  a m o l e c u l a r  p r o f i l e  of t h e  f u e l  sample.  A second FIMS system was used  t o  an- 
a l y z e  d e p o s i t  p r e c u r s o r s .  A 0.5-mL sample o f  F u e l  C was s p i k e d  w i t h  a n  i n t e r n a l  s tand-  
a r d ,  10 lJg o f  decacyclene(molecu1ar  w e i g h t  4 5 0 ) ,  t h e n  vacuum-evaporated t o  < l o 0  UL. A 
5 - N  sample o f  t h e  c o n c e n t r a t e  was p l a c e d  i n  a s t a n d a r d  mass s p e c t r o m e t e r  sample h o l d e r  
i n  t h e  s o l i d s  probe  of t h e  mass s p e c t r o m e t e r .  The probe  was c o o l e d  t o  -5OoC, i n t r o d u c e d  
i n t o  t h e  mass s p e c t r o m e t e r  vacuum sys tem,  and  them warmed t o  30" w i t h  c o n t i n u o u s  pumping 
to remove most of t h e  remain ing  v o l a t i l e  components. 
i o n  source .  
and decacyclene  i n t e r n a l  s t a n d a r d ,  w a s  c o l l e c t e d  w i t h  t h e  PDP 11/10 computer  system. 
r e s u l t i n g  FIMS s p e c t r a  r e p r e s e n t  t h e  composi t ion  of t h e  l e a s t  v o l a t i l e  components o f  
t h e  f u e l  sample i n c l u d i n g  i m p u r i t i e s .  The c o n c e n t r a t i o n s  of i n d i v i d a u l  d e p o s i t  p re-  
c u r s o r s  a r e  c a l c u l a t e d  by comparing t h e i r  i n t e n s i t i e s  i n  t h e  FI  spec t rum w i t h  t h a t  of 
t h e  decacyclene  s t a n d a r d .  

a septum i n t o  an e v a c v n t - l  0.5-L g l a s s  expans ion  b u l b  of t h e  b a t c h  i n l e t  system. 

F i e l d  i o n i z a t i o n  of t h i s  m i x t u r e  produces  m o l e c u l a r  i o n s  from e a c h  f u e l  component 

The probe  was t h e n  mated t o  t h e  
The f i e l d  i o n i z a t i o n  spec t rum o f  t h e  r e s i d u e ,  i n c l u d i n g  d e p o s i t  p r e c u r s o r s  

The 

Samples of o x i d i z e d  dodecane  were a n a l y z e d  s i m i l a r l y ,  e x c e p t  t h a t  t h e  i n t e r n a l  
I n  g e n e r a l ,  t h e  o x i d a t i o n  p r o d u c t s  con- s t a n d a r d  was p e r y l e n e  (molecular  w e i g h t  252). 
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t a i n e d  unoxid ized  f u e l ,  which cou ld  n o t  be e n t i r e l y  removed wi thou t  l o s s  of  some ox ida -  
,, t i o n  p roduc t s .  

RESULTS 

\$ m. The molecu la r  weight  p r o f i l e  of F u e l  C shows t h a t  t h e  major  components 
are a l k a n e s  w i t h  10 t o  1 4  C a toms,  w i t h  a preponderance  of a l k y l b e n z e n e s  w i t h  3 t o  5 
s ide -cha in  C a toms a t  t h e  low molecu la r  weight  end ,  a l i c y c l i c s  u p  t o  C , ,  a t  t h e  h i g h  
end, and sma l l  p r o p o r t i o n s  of a wide v a r i e t y  of hydrocarbons  over  t h e  whole r ange .  

Tab le  1 summarizes t h e  r e s u l t s  of one  o x i d a t i o n  of d i s t i l l e d  Fue l  C ;  t hey  show 
s t e a d y  i n c r e a s e s  i n  r a t e  of oxygen a b s o r p t i o n  ( a u t o c a t a l y s i s )  and  i n  c o n c e n t r a t i o n  o f  
less  v o l a t i l e  m a t e r i a l s .  

TABLE 1. OXIDATION OF VACUUN-DISTILLED FUEL C AT 130°C 

Time a t  130°C (min.)  0 255 430 7 01 

O2 consumed (mmol / l i t e r )  0 6.55 13.1 32.2 
Per  minutea x 1 0 2  2.6 3.7 7 . 0  

Depos i t  P recu r so r  Prop r t i e s  
1 4  132  2450 2600 Concen t r a t ion  (ppm) - 

Number Av. Mol. I d t . ,  M 435 388 355 318 

Weight Av. Mol. W t . ,  P1 496 440 419 38 1 

F5 

- 

:During preceding  i n t  e r v a  1. 
Based on t o t a l  materials found by FIMS. 

F i g u r e s  1 and 2 summarize FDIS d a t a  a f t e r  t h e  f i r s t  two o x i d a t i o n  p e r i o d s  i n  
Tab le  1. The o r d i n a t e  and t h e  numbers i n  t h e  upper l e f t  c o r n e r s  of  t h e  f i g u r e s  are 
t h e  pe rcen tage  of t h e  summed i o n  i n t e n s i t i e s .  Most of  t h e  m a t e r i a l  o f  molecular  weight  
% 250 co r re sponds  t o  i n c o r p o r a t i o n  of one  t o  f o u r  a toms of oxygen i n t o  f u e l  mo lecu le s  

, ( p r e c u r s o r  monomers), r e t a i n e d  because  t h e y  are much less v o l a t i l e  t han  t h e  f u e l .  Most 
of t h e  m a t e r i a l  w i t h  molecu la r  we igh t s  between 300 and 450 r e p r e s e n t s  combina t ions  of 
monomer p r e c u r s o r s  (d imers) .  M a t e r i a l  o f  i n t e r m e d i a t e  molecu la r  weight  presumably  

\ r e p r e s e n t s  condensa t ion  of monomer p r e c u r s o r s  and t h e i r  f r agmen t s  formed by c l e a v a g e  of 
a l k o x y  r a d i c a l s .  The f i g u r e s  show t h a t  t h e  development of monomer p r e c u r s o r s  and dimer 
p r e c u r s o r s ,  l i k e  t h e  ra te  of oxygen a b s o r p t i o n ,  i s  a u t o c a t a l y t i c .  Development of  t r i m e r s  
can  a l s o  be seen .  

During t h e  l a s t  o x i d a t i o n  pe r iod ,  t h e  s o l u t i o n  became l i g h t e r  and a d a r k  brown 
p r e c i p i t a t e  formed on t h e  r e a c t o r  w a l l s .  During t h i s  p e r i o d ,  t h e  c o n c e n t r a t i o n  of  
p recu r so r  monomers i n c r e a s e d  s h a r p l y  ( t h e s e  may be t h e  o x i d a t i o n  p r o d u c t s  that d o n ' t  
condense e a s i l y ) ,  and t h e  c o n c e n t r a t i o n s  of d imers  and trimers appear  t o  d e c r e a s e  
p e r c e p t i b l y  (compared w i t h  t h e  decacyc lene  s t a n d a r d ) ,  pe rhaps  because  t h e y  have grown 
and s e p a r a t e d  from t h e  f u e l  mix tu re .  

\ 

The p r e c i p i t a t e  t h a t  formed, a f t e r  washing w i t h  hexane and d r y i n g ,  weighed a b o u t  
3 mg/g of i n i t i a l  f u e l .  Acetone  e x t r a c t i o n  of t h i s  r e s i d u e  gave  0.137 mg of e x t r a c t / g  
i n i t i a l  f u e l ;  i t s  M i n  N-dimethylformamide was % 600. It t h e r e f o r e  a p p e a r s  t h a t  t h e  
d e p o s i t s  p r e c i p i t a t g  more because  Of t h e i r  oxygen and he teroa tom c o n t e n t s  t h a t  because  
of t h e i r  h igh  molecu la r  we igh t s .  

' /  
Although t h e  r e s e a r c h  d e s c r i b e d  above p r o v i d e s  e x c e l l e n t  ev idence  f o r  t h e  d e p o s i t  

fo rma t ion  by s t e p w i s e  condensa t ion  of d e p o s i t  p r e c u r s o r s ,  t h e  d a t a  g i v e  u s  l i t t l e  
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i n d i c a t i o n  of t h e  chemica l  s t r u c t u r e s  o r  mechanisms invo lved .  However, t h e r e  i s  an  in-  
d i c a t i o n  i n  F i g u r e  2 of a problem t h a t  becomes much more obv ious  w i t h  n-dodecane. A l l  
t h e  p r i n c i p a l  canponen t s  should  have  even  mass numbers,  a s  w i l l  a l l  compounds of C ,  H ,  
and 0 ( b u t  n o t  N ) .  However, 1.1%. o f  n a t u r a l  C i s  "C, and so f o r  any  C I 2  compound, 
a b o u t  13% of  t h e  molecu le s  w i l l  c o n t a i n  one  "C. The re fo re ,  a l l  t h e  major peaks w i l l  
have  an obv ious  s a t e l l i t e  w i t h  mass  number one  u n i t  g r e a t e r .  F i g u r e  2 shows t h a t  t h e  
ox id ized  p r o d u c t s  have more t h a n  t h e  expec ted  1 2  t o  20% of m a t e r i a l s  w i t h  odd mass 
numbets ( i n  t h e  spaces  between t h e  peaks  w i t h  even  m a s s  numbers).  Odd mass numbers i n  
C, H, and 0 compounds, excep t  t h a t  d u e  t o  "C, mean t h a t  f r a g m e n t a t i o n  of p a r e n t  
mo lecu le s  h a s  occur red  i n  t h e  FINS. 

n-Dodecane. To e l i m i n a t e  t h e  multicomponent problem w i t h  F u e l  C ,  we  i n v e s t i g a t e d  
t h e  o x i d a t i o n  o f  n-dodecane. Because  t h e  e x t e n t s  of  e v a p o r a t i o n  v a r i e d  b e f o r e  t a k i n g  
FINS d a t a ,  t h e  a b s o l u t e  c o n c e n t r a t i o n s  o f  p r o d u c t s  v a r y  c o n s i d e r a b l y  i n  t h e  t h r e e  s p e c t r a .  
Dodecane (mass number 1 7 0  and its s a t e l l i t e  a t  171) predominated  i n  t h e  FIMS c o n c e n t r a t e s  
b u t  are i r r e l e v a n t  and  n e g l e c t e d  i n  t h i s  d i s c u s s i o n .  T a b l e  2 t h e r e f o r e  l i s ts  the 1 2  
s t r o n g e s t  o t h e r  peaks  f o r  each  spec t rum i n  o r d e r  of t h e i r  r e l a t i v e  i n t e n s i t i e s .  

Table  2-A shows t h a t  w i t h  t h e  u n t r e a t e d  o x i d a t i o n  p roduc t ,  t h e  t h r e e  s t r o n g e s t  
peaks ,  and 7 of t h e  12  s t r o n g e s t ,  h a v e  odd mass  numbers. These  m u s t  r e p r e s e n t  mo lecu le  
f r agmen t s ,  uncommon from hydrocarbons ,  and so we examined t h e  FIMS of known 3 4 o d e c a n o l  
and  2-dodecanone. The dodecano l  shows l i t t l e  of  t h e  pa ren t  i o n  (186), bu t  i t  decomposes 
i n  t h e  FIMS t o  g i v e  six p r i n c i p a l  s i g n i f i c a n t  p roduc t s :  50 mol % i s  dodecy l  (169 by 
loss  of OH); 20% i s  decy loxy  (157 b y  l o s s  of e t h y l ) ;  18% is dodecene  (168 by l o s s  of 
w a t e r ) ;  13% i s  dodecanone (184 by l o s s  of H2); 5% i s  dodecyloxy (185 by l o s s  of H ) ;  
and 4% is undecyloxy (171 by l o s s  of me thy l ) .  The second and l a s t  p r o d u c t s  are p robab ly  
s p e c i f i c  f o r  3-dodecanol,  l e a v i n g  d o d e c y l  a s  t h e  p r i n c i p a l  p roduc t  from mixed dodecano l s .  
2-Dodecanone i s  r e l a t i v e l y  s t a b l e .  The  p a r e n t  peak (184) and i t s  I3C s a t e l l i t e  (185) 
compr i se  ' 90% of t h e  obse rved  i o n s .  An e f f o r t  was made t o  avo id  f r a g m e n t a t i o n  by  
a c e t y l a t i n g ,  m e t h y l a t i n g ,  o r  b e n z o y l a t i n g  pu re  h ighe r  a l c o h o l s  bu t  o n l y  6 - t r i d e c y l  benzo- 
a t e  gave  mos t ly  t h e  p a r e n t  peak. 

I n  t h e  f i r s t  o x i d a t i o n  of dodecane  i n  Tab le  2,  120 .6  mmol of  dodecane  absorbed  
1 .35  mmole oxygen, 1 .12  mol %, i n  22 .3  h a t  130". P a r t  of t h e  p roduc t  w a s  s u b j e c t e d  t o  
FINS d i r e c t l y ,  p a r t  was h e a t e d  f o r  one  hour a t  1 8 0 ° C  i n  t h e  absence  of oxygen t o  d e s t r o y  
pe rox ides .  A major  p o r t i o n  was t r e a t e d  w i t h  aqueous  K I  and a c e t i c  a c i d  t o  decompose 
pe rox ides ;  t h e  l i b e r a t e d  i o d i n e  co r re sponded  ro  34% y i e l d  o f  hydrope rox ide  on t h e  oxygen 
abso rbed .  P a r t  of t h e  KI - t r ea t ed  p r o d u c t s  was then  hea ted  f o r  one  hour a t  180' i n  t h e  
absence  of a i r ,  and a n o t h e r  was benzoy la t ed  w i t h  20% e x c e s s  benzoyl  c h l o r i d e  i n  p y r i d i n e .  
Even a f t e r  p u r i f i c a t i o n ,  benzo ic  a c i d ,  benzo ic  anhydr ide  and  benzoyl  i o n s  gave ma jo r  
FIMS peaks,  which a r e  n e g l e c t e d .  

I n  t h e  o x i d a c i o n  p r o d u c t s ,  t h e  1 8 2  and 183  peaks  a r e  p robab ly  f r agmen t s  from 
dodecy l  hydrope rox ides  because  t h e i r  p r o p o r t i o n s  d e c r e a s e  upon h e a t i n g  and a r e  succeeded 
by a l c o h o l - d e r i v e d  peaks  a t  169  and 185. The 184  p a r e n t  peak f o r  dodecanone i s  l i t t l e  
changed on h e a t i n g .  
must come on ly  from a l c o h o l  i n  t h e  hea ted  product .  The new 203 peak i n  t h e  hea ted  
sample a r i s e s  from p e r o x i d e s  w i t h  > 2  oxygen atoms. Mass numbers 194  t o  203 and 213 t o  
217 a r e  c l o s e l y  r e l a t e d  p r o d u c t s  co r re spond ing  t o  g a i n  o r  l o s s  o f  H a toms by a l c o h o l s  
and ke tones ;  t h e  b o r d e r l i n e  between t h e  p a r e n t  compounds i s  fuzzy .  
s i d e r a t i o n s  must f a v o r  t h e  h i g h e r  oxygen compounds i n  t h e  d a t a  observed  f o r  C , z  produc t s .  

The 1 6 9  peak is a s s o c i a t e d  wi th  bo th  a l c o h o l  and hydrope rox ide  b u t  

V o l a t i l i t y  con- 

Tab le  2-A shows o t h e r  e f f e c t s  of h e a t i n g ;  t h e  appea rance  of  b u t y l ,  p e n t y l  and 
h e x y l  r a d i c a l s  (57, 71 ,  85) i n  t h e  FIMS of  t h e  hea ted  sample and t h e  d i sp lacemen t  of 
t h e  196 ,  197, and 217 peaks  from t h e  1 2  most prominent  p r o d u c t s  a f t e r  h e a t i n g .  
s m a l l  r a d i c a l s  can  come from c l e a v a g e  i n  t h e  FIMS of a l c o h o l s  o r  hydrope rox ides  i n  t h e  
unhea ted  o x i d a t i o n  p r o d u c t s ,  

The  
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aenk- 
ing 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 

5 
10 
11  
12 

No oxidation 

decanol decanme 
3-Do- Z-DO- 

169 184 
1 57a 185 
168 1 a2 
131 122 
184 183 
195, 150 
171 155 
373 170 
186 186 
183 136 
182 156 
198 108 

B. 

r ' i r s t  oxidation 
Un- &ate$ KI + K I  + denzo- 

t rea ted  t o  180 C AcOH heatir.g ylated 

d 183 169 1 a2 182 290d 
165 1 83 183 264' 98 
159 184 16gb 296' 184 

1 a2 203 370b 328' 19Sd 
185 198 256 256b 194 

370 
169 18qd 

147 57 

A. &inkin$ f o r  a l l  mass nmbers  

1 8 4  185 311b 183 182 

198 182 1 a5 
2; 7 159 198 256' 20 j  
370 85 297; 266' 30Zd 
196 71 283, 21 3c 185 
99 58 371J 156 183 

Ranking f o r  mass numbers~337 only. 

370 
385 
399 
37 1 
537 
367 
369 
353 
355 
450 
436 
366 

397f 
335 
359 
353 
367 
371 
355 
366 
370 

351 
369 

338 

370 
37 1 
385 
399 
337 
469 
355 
353 
339 
367 
338 
366 

450' 
466 
436 
366 
385 
3 37 
340 
33e 
365 
399 
451 
367 

Seconde 
oxidn. 

?gP 

168 
182 
185 
157 
143 
125 

Suggested ident i f ica t ions  of ions above: 

smaller fragments 186 Dodecanol 
171 and below, C11H230 and 185 Uodecyl-0 338 Diiner, C24H50 

168 Dodecene 154 t o  232, mostly C12 350 t o  466, dimer + 0 
165 Dodecyl compounds containing + fragnents 
la2 Dodecenone 2 t o  4 G atoms 
1 a4 Dodocanone 506 Tr iner ,  C7@74 

a Specif ic  products from 3-dodecanol. 

e In  20 hours a t  l3OoC. 7.25 g, 42.6 m o l .  of n-dodecane absorbed 0.503 m o l  O,, 
2.12 mol 5. 
The remainder of the  product was then t rea ted  with 20:. excess PhxP for 6 hours 
a t  25' and then d i s t i l l e d  a t  1.7 kPa (13 t o r r )  t o  remove PhjP and its oxide. 
Therefore, t h i s  sample should not contain high-boiling products. 

iiould ranX 13 i n  Par t  A. 

b Specif ic  f o r  XI. 
Appear o r  aersist a f t e r  heating K I  product. Fecul iar  t o  benzoylation product. 

Hydroperoxide corres?onding t o  24.8/. of the  07 absorbed was found. 

Peak height was 2/3 of that of t h e  196 pe&. 
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b u t  Table  2-A i n d i c a t e s  t h a t  t h e y  come m o s t l y  f rom C12 a l c o h o l s  formed d u r i n g  hea t ing :  
H B 
b 

R - ~ - R I  R- + 

Thus, 3 -dodecano l  a p p a r e n t l y  gave  me thy l  and e t h y l  r a d i c a l s .  The s h o r t  r a d i c a l s  
p robab ly  d o  n o t  come from s h o r t  a l c o h o l s ,  which would be l o s t  d u r i n g  c o n c e n t r a t i o n .  

The K I  t r e a t m e n t  of  t h e  o x i d a t i o n  p r o d u c t s  was expec ted  t o  decompose hydroper- 
o x i d e s  t o  a l c o h o l s  w i t h o u t  fo rming  f r e e  r a d i c a l s  or  byproduc t s .  However, t h e  r e s u l t s  
i n d i c a t e  many byproduc ts, p e r h a p s  traces exagge ra t ed  by  FPIS. 

I n  compar ison  w i t h  t h e  K I  r e d u c t i o n ,  t h e  t r i p h e n y l p h o s p h i n e  r e d u c t i o n  of  t h e  
second o x i d a t i o n  p roduc t s  g i v e s  more p r o d u c t s  t h a t  are more t y p i c a l  of dodecano l s  
(168, 169, 185) and t h u s  may be  a c l e a n e r  r e d u c t i o n .  However, t h e  absence  of peaks  
above  190 i n  t h e  t r i p h e n y l p h o s p h i n e  p r o d u c t s  i s  p robab ly  due  t o  d i s t i l l a t i o n  b e f o r e  
FINS. 

The 370-371 peaks  a p p e a r  i n  s e v e r a l  m i x t u r e s  i n  Tab le  2-A and are prominent i n  
a l l  t h e  m i x t u r e s  i n  Tab le  2-B, e x c e p t  i n  t h e  K I  + h e a t  group.  They d o  n o t  s u r v i v e  hea t -  
i n g  a f t e r  K I  t r e a t m e n t ,  bu t  t h e y  s u r v i v e  b e n z o y l a t i o n  and s o  are n o t  a s s o c i a t e d  w i t h  
hydroxyl  groups ,  even  though m a s s  number 370 c o r r e s p o n d s  t o  a d imer  g l y c o l .  

The hea ted  p r o d u c t s  are similar t o  t h e  K I  p roduc t s ,  c o n t a i n i n g  c o n s i d e r a b l e  
m a t e r i a l  of mass  numbers 169, 182-185, and 198-199. However, t h e  hea ted  p r o d u c t s  con- 
t a i n  more low mass number f r a g m e n t s  and  t h e  K I  p r o d u c t s  g i v e  more i o n s  w i t h  mass number 
>256. Heat ing  t h e  K I  p r o d u c t s  r e s u l t s  in appea rance  o r  d i s a p p e a r a n c e  i n  Tab le  2-A of 
a l l  p roduc t s  of mass number >256. Thus, s u b s t a n t i a l  changes  occur  upon h e a t i n g  t h e  K I  
p roduc t ,  even though t h e r e  are no p e r o x i d e s  l e f t ,  and hence  n o n r a d i c a l  r e a c t i o n s  as w e l l  
a s  r a d i c a l  r e a c t i o n s  may l e a d  t o  polymer ic  p r e c u r s o r s .  

I n t e r p o s i n g  t h e  K I  t r e a t m e n t  b e f o r e  h e a t i n g  makes t h e  dodecanone ,peak  (182) most 
impor t an t ,  weakens o r  e l i m i n a t e s  s e v e r a l  peaks  (57, 58, 71, 85, 185, 199, and 203) and 
fo rms  s e v e r a l  new ones, m o s t l y  >250. 

The benzoy la t ed  KI - t r ea t ed  p roduc t  c o n t a i n s  more dodecy l  benzoa te  (290) t h a n  
a n y t h i n g  else,  and  e s t a b l i s h e s  hydrope rox ide  and a l c o h o l  a s  t h e  major  p r imary  p roduc t s .  
The absence  of t h e  168 and 169 peaks  shows t h a t  b e n z o y l a t i o n  of a l c o h o l  was e s s e n t i a l l y  I 

comple te .  The 182, 184, and 185 peaks  that p e r s i s t  p robab ly  come from dodecanones,  bu t  
i n  t h e  KI- t rea ted  p roduc t ,  t h e y  and t h e  183 peak may a l s o  come from dodecano l s .  

Table  2-B show t h e  r e l a t i v e  i o n s  c o n c e n t r a t i o n s  from d i m e r i c  p roduc t s .  The most 
prominent  a l s o  appea r  i n  T a b l e  2-A.  These  p r o d u c t s  appea r  i n  g r o u p s  co r re spond ing  t o  
t h e  dimer (338) a d  p r o d u c t s  c o n t a i n i n g  1. 2 ,  and 3 a d d i t i o n a l  oxygen a toms (near  354, 
370, 386, and maybe 4 0 2 )  minus a few hydrogen a toms f o r  f o r m a t i o n  of k e t o n e s  o r  a lkoxy  
r a d i c a l s  i n s t e a d  of a l c o h o l s .  S t a r t i n g  a t  abou t  m a s s  number 399, most of t h e  h i g h e r  
mass numbers must r e p r e s e n t  two  dodecane  r e s i d u e s  p l u s  oxygen p l u s  a d d i t - o n a l  carbon-  
c o n t a i n i n g  f r agmen t s .  No tr imeric f r agmen t s  (506 o r  above)  have been observed ,  probably  
because  of p r e c i p i t a t i o n  or v o l a t i l i t y  l i m i t a t i o n s .  
caused  by low y i e l d s  wi th  dodecane ,  because  t r i m e r s  were observed  w i t h  F u e l  C .  

However, t h e i r  absence  may a l s o  be 

We now c o n s i d e r  t h e  mechanism by which monomers a r e  conve r t ed  i n t o  d i m e r i c  pro- 
d u c t s .  The s i m p l e s t  condensa t ion  of  dodecane  by h e a t i n g  w i t h  a hydrope rox ide  would be: 

2RH + R02H- Rz + ROH + H,O (3) 

The molecu la r  weight  o f  t h e  C2,. dimer  i s  338, bur none of t h i s  w a s  found i n  an  o x i d a t i o n  
c o n t a i n i n g  s u f f i c i e n t  a i r .  
mass numbers c l o s e  t o  370, 385, and 399. Thus, t h e  dodecane  o x i d a t i o n  p roduc t s  have  

I n s t e a d ,  t h e  C Z s  p r o d u c t s  found-had  2 t o  4 oxygen a toms and 
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I 

condensed d u r i n g  o x i d a t i o n  (whatever t h e  mechanism) even  though t h e  p a r e n t  dodecane  con- 
C e n t r a t i o n  i s  50 t i m e s  g r e a t e r  t t a n  t h a t  of t h e  o x i d a t i o n  p roduc t s .  However, t h e  337 
ion ,  formed by  l o s s  of a hydrogen a tom from t h e  d imer ,  becomes a minor  p roduc t  when t h i s  
o x i d a t i o n  product  i s  hea ted  and a major  p roduc t  i n  t h e  hea ted  p o r t i o n  of t h e  o x i d a t i o n  
i n  Tab le  2-B. 

9 

I n  t h e  u n t r e a t e d  o x i d a t i o n  p roduc t s ,  t h e  f o u r  most prominent  peaks  i n  Tab le  2-B 
? correspond t o  a dimer p l u s  two or three oxygen a toms and e i t h e r  a f o u r t h  oxygen atom o r  

an  a d d i t i o n a l  carbon atom. 
t i m e ,  may have been d e p l e t e d  i n  oxygen, and t e n d s  t o  c o n t a i n  d imer  u n i t s  w i th  fewer 
oxygen a toms and more f r a g m e n t s  c o n t a i n i n g  a d d i t i o n a l  carbon a toms (436, 450).  

The  b x i d a t i o n  i n  Tab le  2 ,  which abso rbed  less oxygen i n  more 

Comparing t h e  l a s t  tm columns of T a b l e  2-B shows t h a t  h e a t i n g  pe rox ide - f r ee  m i x -  
t u r e s  t o  180" formed more compounds of molecu la r  weight  >400. Thus,  t h e r e  i s  a condensa- 
t i o n  o r  coup l ing  r e a c t i o n  t h a t  does  n o t  depend on hydrope rox ides ,  b u t  p robab ly  i n v o l v e s  
o t h e r  f u n c t i o n a l  g roups .  

SUMMARY AND CONCLUSIONS 

O u r  expe r imen ta l  r e s u l t s  w i l l  now be used  t o  f o r m u l a t e  a g e n e r a l  p i c t u r e  of  d e p o s i t  
fo rma t ion .  Oxygen i s  r e q u i r e d  t o  produce d e p o s i t s  from hydrocarbon f u e l s ,  e x c e p t  a t  
p y r o l y s i s  t empera tu res .  
o x i d a t i o n ,  and coup l ing  of t h e s e  o x i d a t i o n  p r o d u c t s  t o  d i m e r i c  p roduc t s .  A l l  of t h e s e  
a r e  a t  f i r s t  s o l u b l e  i n  f u e l ,  bu t  a s  o x i d a t i o n  and condensa t ion  c o n t i n u e ,  t h e  p r o d u c t s  
become i n s o l u b l e  a t  mo lecu la r  we igh t s  a round 600. The i n s o l u b l e  p r o d u c t s  formed i n  
s t o r a g e  p robab ly  remain  s o l u b l e  i n  good s o l v e n t s  (e .g . ,  a c e t o n e ) ,  bu t  when f u e l  c o n t a i n -  
ing  s o l u b l e  d e p o s i t  p r e c u r s o r s  i s  hea ted ,  e s p e c i a l l y  w i t h  a l i t t l e  oxygen, o x i d a t i o n  

, and condensa t ion  become r a p i d  and p r e c i p i t a t e s  form on t h e  w a l l s .  These  p r e c i p i t a t e s  
may a t  f i r s t  be s o l u b l e  i n  a c e t o n e  bu t  e v e n t u a l l y  become i n t r a c t a b l e .  The o x i d a t i o n s  
a r e  a lmos t  c e r t a i n l y  c o n v e n t i o n a l  f r e e  r a d i c a l  cha in  r e a c t i o n s ;  t h e  coup l ing  of monomer 
u n i t s  p robab ly  i n v o l v e s  b o t h  a f r e e  r a d i c a l  coup l ing  mechanism l i k e  R e a c t i o n  3 ,  and a 
n o n r a d i c a l  condensa t ion  ( e .g . ,  a l d o l  ( 4 ) ) ,  i n  unknown p r o p o r t i o n s .  N i t rogen  and s u l f u r  
compounds c o n c e n t r a t e  i n  t h e  p r e c u r s o r s  and d e p o s i t s  because  t h e y  are more r e a c t i v e  i n  
o x i d a t i o n  and condensa t ion ,  a n d  p robab ly  l ess  s o l u b l e  i n  f u e l  ( 5 ) .  Whether t h e  e f f e c t s  
of some v e r y  r e a c t i v e  f u e l  components a r e  s t o i c h i o m e t r i c  o r  c a t a l y t i c  r ema ins  t o  be  
de t e rmined .  

For a g iven  hydrocarbon,  t h e  p r o c e s s  g o e s  ma in ly  th rough  monomer 

' 

P r o d u c t s  and f r agmen t s  between 190  and  338 (d imer)  m a s s  number must c o n t a i n  a t  
l e a s t  two oxygen atoms. Because pe rox ide  l i n k s  are n o t  expec ted  t o  s u r v i v e  FIMS, most 

7 produc t s  i n  t h i s  r ange  c o n t a i n  two or more oxygen- func t iona l  g roups .  The i r  p r o p o r t i o n  
i s  d i f f i c u l t  t o  e s t i m a t e  w i t h  FIHS because  of  v o l a t i l i t y  d i f f e r e n c e s ,  b u t  t h e  work of 
J ensen  e t  a l .  ( 6 )  on  t h e  l i qu id -phase  o x i d a t i o n  of hexadecane a t  120  t o  180°C shows t h a t  

f u n c t i o n s .  
c o u p l i n g  and condensa t ion  r e a c t i o n s .  

' a t  l e a s t  a q u a r t e r  of t h e  hydrocarbon molecu le s  a t t a c k e d  c o n t a i n s  two o r  more oxygen 
Such p r o d u c t s  are  more r e a c t i v e  than  monofunc t iona l  compounds i n  r a d i c a l -  

A t  130°C i n  a i r ,  dodecane  o x i d i z e s  much f a s t e r  t h a n  F u e l  C; i t  a b s o r b s  abou t  13.2 
mmol of oxygen/mol f u e l  i n  10 hour s ,  compared w i t h  abou t  3.82 mmol f o r  F u e l  C i n  20 hours .  
Fue l  C o x i d i z e s  a t  a c o n s t a n t  r a t e  wh i l e  t h e  r a t e  f o r  dodecane  i s  a u t o c a t a l y t i c .  How- 
e v e r ,  by  FIMS and observed  d e p o s i t  fo rma t ion ,  dodecane  p roduces  fewer  p r e c u r s o r s  and no 
v i s i b l e  d e p o s i t s .  Exper iments  w i t h  s e v e r a l  D i e s e l  f u e l s  ( t o  be  d e s c r i b e d  e l sewhere )  show 
l i t t l e  c o r r e l a t i o n  between o x i d a t i o n  rate and gum f o r m a t i o n ,  a s  measured by ASTM-D2274 
b e f o r e  d i s t i l l a t i o n .  P a r a f f i n s  u s u a l l y  predominate  i n  f u e l s ,  b u t  t h e  gum f o r m a t i o n  
a p p a r e n t l y  depends  on t h e  n a t u r e  and amounts of  o t h e r  hydrocarbons ,  N and S compounds, 
and f u e l  h i s t o r y .  

FLMS h a s  been v e r y  u s e f u l  f o r  comparing f u e l  compos i t ions ,  and f o r  s e e i n g  t h e  
development of Fuel  C d e p o s i t  p r e c u r s o r s  a t  1 3 O O C .  R e s u l t s  w i t h  dodecane  have been d i s -  
courag ing .  The p r i n c i p a l  C l z  o x i d a t i o n  p r o d u c t s ,  a l c o h o l s  and  hydrope rox ides ,  f ragment  
i n  t h e  mass spec t romete r  and  g i v e  s i m i l a r  peaks  t h a t  o v e r l a p  ke tone  peaks ,  p robab ly  i n  
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d i f f e r e n t  p r o p o r t i o n s ,  s o  t h a t  t h e  pr imary  p r o d u c t s  and t h e i r  subsequent  changes  have 
been hard t o  i d e n t i f y .  Y i e l d s  of d i m e r i c  and t r i m e r i c  p r e c u r s o r s  have been s u r p r i s i n g l y  
low. F u r t h e r ,  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of d i f f e r e n t  compounds i n  t h e  same mixture  
and of t h e  same compound i n  d i f f e r e n t  m i x t u r e s  depend somewhat on  t h e  e v a p o r a t i o n  b e f o r e  
t h e  FIMS is t a k e n .  

With enough oxygen, t h e  C-C c o u p l i n g  r e a c t i o n  would be i n h i b i t e d  and t h e  product  
would be  u n s t a b l e  R,O,. Hence gum and d e p o s i t  f o r m a t i o n  may proceed b e s t  n e a r  the  
minimum oxygen c o n c e n t r a t i o n  t h a t  p e r m i t s  o x i d a t i o n .  Some such  measurements  d e s e r v e  
a h i g h  p r i o r i t y .  
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FIGURE1 F I  MASS SPECTRUM OF THE DEPOSIT PRECURSORS FORMED IN  FUEL C AFTER 
OXIDATION FOR 255 MINUTES AT 130°C 
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F'GURE 2 F I  MASS SPECTRUM OF THE DEPOSIT PRECURSORS FORMED IN FUEL C AFTER 
OXIDATION FOR 430 MINUTES AT 130°C 
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